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Abstract—Based on the kinetic models of XeCl and KrCl active media in Kr/HCI(Cl,), Xe/HCI(Cl,), and
Ne/K1/Cl, mixtures, the simulation of XeCl and KrCl excimer lamps pumped by glow discharge is carried out.
The optimum compositions of the mixtures are determined. The results obtained are compared with the avail-

able experimental data.

1. INTRODUCTION

Excimer lamps with rare gas/halogen exciplex mol-
ecules are sources of spontaneous radiation, whose
main advantage over explosive and high-current-dis-
charge lamps is a relatively narrow (a few nanometers)
emission band. Such sources deliver high-intensity
radiation, needed, for example, for stimulating photo-
chemical and photophysical processes, such as pho-
tolytic processing of metal, dielectric, and semiconduc-
tor layers and surface cleaning. Excimer lamps can also
be used to destroy hazardous organic substances and
harmful bacteria. The possibility of substituting exci-
mer lamps for ecologically unsafe mercury lamps is
discussed. One can use excimer lamps in biology, med-
icine, and ecology.

Excimer lamps can be excited using barrier dis-
charge [1-8], pulsed volume discharge [9-12], a hard
ionizer (with beams and nuclear fragments) [13-17],
capacitive discharge [18-20], spark discharge [21],
microwave radiation [22-26], shock wave (Voitenko
lamps) [27-29], gas-dynamic flows [30-32], inductive
discharge [33, 34], etc. Lamps excited by glow dis-
charge [19, 35-44] exhibit both high mean power and
high efficiency of the discharge energy transformation
into light.

In the first related works [35, 36], the efficiencies
were relatively low (about 1%). In [37, 38], the effi-
ciency was increased to more than 10%, as proven in
[38—44]. High-power glow-discharge lamps (about
10 W per cm of lamp length) with high efficiencies
were reported in [45-48].

In continuation of [41, 42], we describe in this work
the emission characteristics of excimer lamps with rare
gas halides pumped by glow discharge. In the afore-
mentioned works, one can find the analysis of the fun-
damental processes in the glow discharge plasma of
excimer lamps and the corresponding estimates. How-
ever, numerical simulation of the lamps is missing.
Based on the results of the analysis, a conclusion has

been drawn regarding the possibility of high efficien-
cies of such light sources. Below, we present the results
of a detailed simulation.

2. KINETIC MODEL

Kinetic models. We construct kinetic models for
Ne/Xe/HC1 and Ne/Kr/HCI mixtures. The models take

into account the following reagents: Ne*, Ne, , NeKr*,
NeXe*, Kr, Kr, , Xe*, Xe, , CI*, Cl, , H*, H, , HCI*,
and CI* ions; Ne*, Kr*, Xe*, CI*, and H* lower elec-
tron states of atoms; Ne5 , Kry , XeJ , NeKr*, NeXe*,

NeKrClI*, NeCl*, Cl , Kr,Cl*, and Xe,CI* lower elec-
tron excited states of molecules; Ne**, Kr¥* Xe**,
Kri*, and Xe ™ higher excited states; Ne, Kr, Xe, H,

and CI atoms; HCl, Cl,, H,, and XeCl(X) ground-state
molecules; HCI(v = 1, 2) and H,(v = 1) molecules in
lower excited vibrational states; exciplex molecules in
the states KrCI(B, C), XeCl(B, C), and KrCl(D); and
free electrons.

The kinetic models are based on the results of active
medium simulation for a few lasers (in particular, a
XeC(l laser) and a KrCl excimer lamp [7, 12, 49-51].
We solve a system of nonlinear ordinary differential
equations describing the time evolution of the concen-
trations of the above reagents using PLAZER computer
codes [51, 52]. We assume spatial homogeneity of the
concentrations of the reagents. The numerical simula-
tion takes into account various processes: ionization by
field-heated electrons, escape of electrons owing to the
ambipolar diffusion, dissociative recombination, three-
body recombination (in particular, three-body recombi-
nation involving heavy particles), electron attachment
to halogen molecules and atoms, etc.
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We introduce an effective diffusion time to take into
account the variation in the ion density N, related to the
ambipolar diffusion:

(dNi) N
dr ) g Taite

2
where Ty = DL(ZLAJ , r'is the tube radius, and D, is the

ambipolar diffusion coefficient of ions.

At each time moment, we simultaneously solve the
kinetic equations and the equations for the electron
velocity distribution function [51] in the presence of a
given electric field with strength E.

Preionization. Expressions (1) and (2) (see below)
represent relationships between the mean electron
energy and the tube radius (see Section 3). They do not
affect the electron concentration in the discharge,
which depends on only a few factors, in particular, on
the discharge preionization level. Discharges with dif-
ferent electron concentrations exhibit different current
densities and radiation powers. The discharge cannot
be ignited in the absence of the preionization. In a real
discharge, the preionization can be caused, for exam-
ple, by electron avalanche. In calculations, the preion-
ization is homogeneous with respect to the discharge
volume.

The preionization intensity depends on the preion-
ization rate v; so the model contains two additional
equations,

d[Ne'1/dt = vy [Ne]
d[Xe'1/dt = vy [Xe].

Below, we present the neon preionization rate v =
Vne- The relationship between the xenon and neon ion-
ization rates is written as V. = 8Vy.. Note that, in cal-
culations, both the power density and the discharge cur-
rent linearly increase with v increasing from 10~ to
107! s71. For the binary mixtures, the preionization rate
equals 107 s7! (for example, this rate for pure xenon
(Vxe = 8 X 1073 s7), corresponds to the current density
of the electron beam j = 6.8 X 10~* A/cm? and the elec-
tron energy is 100 keV) and its duration approximately
equals 10 ps.

Steady-state burning of the discharge. In the sim-
ulation of the steady state corresponding to the glow
discharge, we employ the following. At the given
parameters of the medium, the steady-state mode is
realized at a certain field strength E . If £ > E, all
atoms are ionized. In the opposite case (E < Ey), the ini-
tial seed concentration rapidly decreases down to zero.
The closer the field strength to E, the longer the dura-
tion of the steady state in the absence of the sources of
preionization. In simulations, we use test calculations
to choose the field strength corresponding to the steady-
state discharge burning. The values of various quanti-

ties calculated for the steady-state scenario are used as
theoretical values characterizing the given discharge.

The fact that the steady-state mode is realized at a
certain electric field strength can be interpreted in the
following way. A simplified balance equation for the
electron density N, can be written as

dN 1 1
= (viE)-——L )N, = 0. 1
dt (V( ) Taifr Trec) ‘ &

Here, the first term in the right-hand side corresponds
to the creation of electrons (V(E) is the ionization rate
strongly dependent on the electric field strength), the
second term corresponds to the radial ambipolar diffu-
sion of electrons, and the third term describes the
recombination processes (T, is the characteristic time
of the recombination processes).

A steady state is realized when the expression in
parentheses equals zero. If this expression weakly
depends on the electron density, the electric field
strength corresponding to the steady-state discharge
weakly depends on N,. In the case of a strong depen-
dence on N,, one can realize the steady state at any
value of the electric field strength E by appropriately
choosing the value of N..

The quantities V(E) and T4 weakly depend on the
electron density. In the case when the recombination
processes are negligible and the discharge is diffusion-
controlled, the electric field strength E, corresponding
to the stead-state discharge burning is given by the con-
dition V(E,) = 1/14 and weakly depends on the elec-
tron density.

3. PURE RARE GASES

We test the plasma model under consideration based
on a comparison of the results of calculations with the
analytical and experimental results for the plasma of
pure rare gases. Attention is paid mainly to the neon
plasma, owing to the large amount of corresponding
experimental data and better validation of the analytical
results.

Steady-state electron temperature for the max-
well distribution. For the glow discharge in neon, there
exists a universal dependence T,(pr) of the electron
temperature in the positive column on the product of
the pressure and the positive column radius [53-55].
This dependence is obtained for the diffusion-con-
trolled discharge assuming a Maxwell distribution
function of electrons in the discharge.

Indeed, in the case of the diffusion-controlled dis-
charge, the steady-state condition (see Eq. (1)) can be
represented as

kN = 03(2'4)2. ()

r
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Here, N is the neon atomic density,
k = jci(e)(28/me)”2f(8)d£

is the ionization rate of neon atoms, € = m,v?/2 is the
electron kinetic energy, m, is the electron mass, and
o;(€) is the ionization cross section.

In the vicinity of the threshold, the ionization cross
section virtually linearly depends on the incident elec-
tron energy:

oi(e) = o(e-1), €21, 3)

where [ is the ionization energy and o is a constant
characterizing the rate of the increase in the cross sec-
tion in the near-threshold region. With allowance for
the Maxwell distribution of electrons with respect to
energy

(&) = fu(e)= ffﬁnexp(—e/n)

and the linear approximation (3) of the cross section in
the vicinity of the threshold, we obtain the following
expression for the ionization rate:

V = kN = NvaT,(I/T, +2)exp(~I/T,),

8T, . .
where v = = = is the mean electron velocity. In the
me

case of the Maxwell distribution, the ionization rate
implicitly depends on the electric field strength E via
the electron temperature, which depends on the Joule
heating proportional to the square of the field strength.

When the electron temperature is significantly
higher than the ion temperature (which is typical of
glow discharge), we have the following expression for
the ambipolar diffusion coefficient:

D,=w,.T.e,

where [, is the mobility of positive ions in plasma
given by

_ e
Mv,’

T “)
Here, v, is the frequency of the ion—ion and ion—atom
collisions, e is the electron charge, and M is the mass of
gas particles (neon atoms). With allowance for I > T,

we finally obtain the equation for electron temperature
[53-55]:

T
exp(I/T,) [7 = Alpr)’, 5)
2
where A = o ( 81 )]X(i) . For neon, the recom-
w,py\mm.) p\2.4

mended value of this constant is A = 4.3 X 10? (torr cm)
[53]. Equation (5) was used to describe the glow dis-
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Fig. 1. T, vs. pr for the positive column of the neon glow
discharge calculated assuming Maxwell (solid line) and
Druyvestein (dashed line) electron energy distribution func-
tions. For simplicity, the curves are plotted for p = 147 torr.
Dots show the results of simulation.

charge for a long time. For a few gases, the values of
constant A were measured by Engel and Steenbeck as
early as 1934 [53].

Equation (5) yields the dependence of 7,/ on pr.
The solid curve in Fig. 1 shows this dependence for
neon. For the sake of simplicity, we present the depen-
dence T,(r) for p = 147 torr.

Steady-state electron temperature for the
Druyvestein distribution. It is well known that, when
the electron path is independent of energy and there is
an electric field present, it is expedient to use the
Druyvestein electron distribution function rather than
the Maxwell electron distribution function. The condi-
tion for the constancy of the transport cross section in
electron scattering is especially well satisfied for neon (for
energies ranging from 1 to 100 eV, the cross section is
0, = (2-3) X 1071 cm?) [56]. The Druyvestein distribution
can be represented as

) 2 3m, 3 e 3meg2
1) = fo®) = 37 _p( M _]

Here, M is the mass of a gas particle (neon atom),
I'(3/4) =1.225, and

g, = eE/(6,N) (6)

is the electron energy acquired at the distance [ =
1/(c,N) between the elastic collisions in the presence of
an electric field with strength E.
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For the further calculations, we represent the above
distribution function in terms of the variables y = €> and

Mg
yO - 3me .
() = 2y" Cexp(=yly,),
where
1
C —
T34yt

To derive an analog of expression (5) for the
Druyvestein electron distribution function, we calcu-
late the ionization rate and express it in terms of the
energy quantity analogous to temperature. Apparently,
the temperature for the Druyvestein distribution is
defined as two-thirds of the mean electron energy:

Ty = (213)E = (2/3)jefD(e)de,

0

- 5/4 I/ZM-
€ =Cy, I'(5/4) = y, T(3/4)°
therefore, we have
Tp = Byo - %)
where B = %Tl:%% = (0.493. Taking into account

expression (6), we express the temperature in terms of
the electric field strength:

T. =
b p m,O N

Using formulas (3) and (7), we obtain the following
expression for the ionization rate:

k(Tp) = jci(e)./ze/mef(s)ds

1/2
= 0[] [0 - Dexpy(B/To) 1dy

12

= k; (Tp) -k (Tp),

where

1”2
(7o) = aC(2 ) [y exp (BT )dy

12

= ocC(—z—) (—39)31“(3/2, (BD)*/Tp)

_ ac(’%e)m(%’)zlexp(—(BI/TDf)

[ream) -5 3@ -

Br1 Br1 8\ BI

Here, I'(a, b) is the incomplete gamma function, whose
asymptotic representation is written as [57]

K(Ty) = ac( = )mjlexp( y(BITp)")dy

r

= aCl(n%e)llz(%)zexp(—(BI/TD)Z).

Thus, we have

ki = ki (Tp) — ki (Tp)

_ acz(m%)m(%’)zexp(—(BI/TD)z)

T.\2 4 6
SRR
2\ BI 4\ BI 8\ Br
Normally, Ty, <€ I; hence, the ionization rate is rep-

resented as

12 5/2

52
B

In this case, Eq. (2) is transformed into the follow-
ing equation:

o 1
ki = r(3/4)1(2me) xp(-B*1/Tp).

2 2 5/2
r o 1
(27) 1"(3_/4)1(2,%6) —2exp(-B’I*/Tp)N
=D = H+_TD
a e .

Table data regarding the ion mobility p,g are mea-

sured under certain (e.g., normal) conditions. Taking
into account the inverse proportionality of the ion
mobility to the collision frequency (4), we arrive at

WNAJT = uiNyJT,

and, hence,

3/2

exp(lez/Té)(—I—)

Ty

_(r)z e ( 1 )”2 1 NJT
“\2a) 1T(3/aW\2 ) a2 0.

24) TGI\2m,) g7 ON, [T,
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Fig. 2. Comparison of the calculated (solid line) and
Druyvestein (dashed line) electron energy distribution func-

tions in the neon positive column for [Ne] = 4 X 10"8 cm3,
r=0.15cm, and 7=0.034 eV (p = 147 torr). The Druyvest-

ein distribution function is plotted for y, = (6.2 eV)z.

We represent this expression in the same way as in
the previous section and obtain an expression similar to

Eq. (5):
20,0 ( TV 2
oI ) = Apn’®)

where

A - 1 ( I )”2 ol
- 2052\ 90
T(3/4)x2.4°p7"\2me) O[3

and the relationship p = NT is used. Figure 1 shows the
dependence given by Eq. (8). For the gas temperature
T =0.034 eV (390 K), the coefficient A is calculated to

be 1.707 x 103 (torr cm)™". In calculations for neon, we

use 0.=2.019 x 10-'8 cm¥/eV and the ion mobility p’ =

4.1 cm?(V s). The latter value taken from [58] corre-
sponds to a neon concentration of 2.69 x 10'° cm= and
gas temperature 7' = 300 K.

Comparison with the results of calculations. In
Fig. 1, dots show the results of simulation. In calcula-
tions, we set a pressure of 147 torr and numerically
determine the electric field strength E of the positive
column (see Section 2) and the corresponding electron
temperature. The method of numerically determining
the electron distribution function can be found in [51].
Based on the calculated distribution function, we
numerically determine the mean electron energy, mul-
tiply it by a factor of 2/3, and obtain the electron tem-
perature. To test the validity of expression (8), we per-
form calculations at a few values of the pressure and the
discharge tube radius. It is seen that the results obtained

LASER PHYSICS Vol 14
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2u/3, eV
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Fig. 3. Comparison of the calculated (dots) and experimen-
tal [59] (solid lines) dependences of the characteristic
energy 2/3u on E/N, where Ej is the electric field strength

corresponding to the steady-state discharge burning, N is
the neon atomic density, ad u is the mean electron energy.

are in good agreement with the curve built using the
Druyvestein electron distribution function.

This agreement is related to the fact that the calcu-
lated distribution function virtually coincides with the
Druyvestein function (Fig. 2). The reason for the differ-
ence in the range of the neon excitation energy is the
fact that the Druyvestein distribution is derived with
neglect of inelastic transitions.

The numerically calculated dependences of the
characteristic energy T and the drift velocity vy, on

E/N (N is the neon atomic density) are in good agree-
ment with the experimental data from [59] (Figs. 3, 4).

Vp, cm/s
10

1
0 1.0 x 10716

1 ]
20x 10710 3.0x1071¢
1.5x1071¢  25x1071¢
E/N, V/cm?

5.0x 1077

Fig. 4. Comparison of the calculated (dots) and experimen-
tal [59] (solid lines) dependences of the drift velocity v on
Ey/N.
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Fig. 5. Characteristic energy 2/3u vs. pr for the positive col-
umn of the krypton glow discharge. Solid line and dots cor-
respond to the results obtained for the Druyvestein electron
energy distribution function and the results of simulation,
respectively. For simplicity, the curves are plotted for p =
14.7 torr.

Thus, the comparison of the results of test calcula-
tions and experimental data demonstrates the adequacy
of the model for the case of glow discharge in pure
neon.

Krypton and xenon. As in the case of neon, we per-
form simulation of the glow discharge and obtain the
dependences of 2/3u on pr for pure krypton (Fig. 5) and
xenon (Fig. 6). Note the presence of the Ramsauer min-
ima in the cross sections of electron elastic scattering
by heavy rare gases in the low-energy range. The corre-
sponding electron distribution function can be different
from the Druyvestein distribution function. Neverthe-
less, we obtain satisfactory agreement between the ana-
lytical result based on the Druyvestein distribution and
the results of numerical calculations.

4. BINARY MIXTURES

The main pumping channels of exciplex mole-
cules. In exciplex lasers, the emitting states of mole-
cules are predominantly pumped by the ion—ion recom-
bination of the rare gas positive ions and the halogen
negative atomic ions [51]. The typical pressures of the
glow-discharge exciplex lamps are about 10 torr. At
such pressures, the emitting states of exciplex mole-
cules are populated mainly owing to the harpooning
reactions, whose rates for the major part of molecules
range from 1071° to 10~ cm?/s. The analysis of the
kinetic processes that affect the emission of the mixture
shows that the emitting states are predominantly popu-
lated owing to the excitation of the rare gas atomic states;
for example,

Kr+e — Kr*¥+e¢

Xe+e — Xe*+e.

2/3u, eV
101

4
1 \KD

0 Lo v ovnwl vl vl v vl il
1x107* 0.001 0.01 0.1 1 10
r, cm

Fig. 6. Characteristic energy 2/3u vs. pr for the positive col-
umn of the xenon glow discharge. Solid line and dots corre-
spond to the results obtained for the Druyvestein electron
energy distribution function and the results of simulation,
respectively. For simplicity, the curves are plotted for p =
14.7 torr.

The harpooning reactions result in the populating of
exciplex molecules:

Kr* + Cl, — KrCI* + CI
Xe* + Cl, — XeCI* + Cl.

Table 1 shows the rates directly related to the forma-
tion and quenching of XeCl and KrCl molecules.
Before we present the results of simulation, note a few
features of the model.

The rates of harpooning reactions. In experi-
ments, the total reaction rates are the most easy to mea-
sure; for example,

R* + MX — products. (A)

Then, the total reaction rates can be specified for
individual reaction channels. In particular, for MX = Cl,
and MX = HCI] molecules, the total rates k,, correspond
to the harpooning reaction rate ky,,, and the quenching
rate k, of the rare gas R excited states, respectively. In
the latter case, it is difficult to determine the rates of the
harpooning reactions. It is known from [60] that the rate
knarp(v = 1) of the reaction

Xe* + HCl(v=1) — XeCl* + H

is greater than 2 x 107! cm’/s (if the calculations
employ kyyp,(v = 0) = kyyp(v = 1), the power and the
emission efficiency differ from those obtained for the
binary mixtures at k(v = 0) = 0 by more than two
orders of magnitude). The rates of the harpooning reac-
tions with the molecules in the ground vibrational state
are low. For example, for the reaction

Kr* + HCl(v=0) — KrCl* + H,
the rate is 2.4 x 10~1' cm?/s [61] and, for the reaction
Xe* + HCl(v=0) — XeCl* + H,

LASER PHYSICS Vol. 14 No.1 2004
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Table 1. Rates of the harpooning reactions and the quenching of exciplex molecules used in simulation of the glow discharge.
In the expressions for the rates, the dimensionality of the gas temperature is electronvolts; n is the number of particles taking
part in the reaction. In the case of three-particle reactions, we take into account the reverse rates related to the Saha—Boltzmann
relationships. The rates of the harpooning reactions involving HCI are assumed to be equal to the total reaction rates (see Sec-

tion 4)
No. Reaction Rate, cm/s
1 Kr* + HCl (v = 0-2) — KrCl* + H 5% 10710
2 Kr* + Cl, — KrCI* + Cl 7.3%x 10710
3 Kr* + Kr — 2Kr 1.64 x 1071
4 Kr* + 2Kr —= Kr, +Kr 7.3 x 1072
5 Kr* + Kr+Ne — Kr, +Ne 110732
6 Kr* + 2Ne —> NeKr* + Ne 1 x 10732
7 KrCl* + HCl (v=0-2) — Kr+ Cl + H + Cl 6x 10710
8 KrCl* + Cl, —= Kr + Cl + Cl, 6x 10710
9 KrCl* + Kr —= 2Kr + Cl 5.4x 10712
10 KrCl* + Kr + Ne —> Kr,Cl* + Ne 2x 10731
11 KrCl* + Ne — Kr + Cl + Ne 3x 10713
12 KrCl* + 2Ne — NeKrCl* + Ne 1 x 10732
13 Xe* + HCI (v =0-2) — XeCl* + H 2% 10710
14 Xe* + Cl, —» XeCl* + Cl 107
15 Xe* + Xe — 2Xe 3.5x 1071
16 Xe* + 2Xe —» Xe, + Xe 5% 107%(T,/0.026) '3
17 Xe* + Ne + Xe —= Xe, +Ne 1.2 X 107%(T,/0.026) 3
18 Xe* + 2Ne —> NeXe* + Ne 5% 10734(T,/0.026)7'7
19 XeCl* + HCI (v = 0-2) —» XeCl(X) + H+ Cl 6.3 x 10710
20 XeCl* + Cl, — Xe + Cl + Cl, 6.3x 10710
21 XeCl* + Xe — 2Xe + Cl 32x 10712
22 XeCl* + Xe + Ne — Xe,Cl* + Ne 1.5x 10731
23 XeCl* + Ne — Xe + Cl + Ne 33x 10713
24 XeCl* + 2Ne —» Xe + Cl + 2Ne 1x 10733

the rate is less than 1 X 107" cm?/s [62] or 7.2 X 102 cm?/s
[63]. There exist no theoretical calculations of these
rates.

Structure of the results presented. Thus, the rates
of the above reactions will be specified in future. To
make the results of the calculations applicable, we
assume that the reactions (A) have only one (harpoon-
ing) channel and the total reaction rates k,, equal the
rates ky,,, of the corresponding harpooning reactions
(the quenching rates equal zero). To obtain real values
of the lamp power and efficiency, one must multiply the
values from Tables 2 and 3 by the ratio Ay, /ki,. The
emission characteristics weakly vary with k., at k, =0

LASER PHYSICS  Vol. 14

No. 1 2004

(see the analysis of the variation in the harpooning reac-
tion rates given below). Therefore, in the case of a vari-
ation in both ky,.,, and ki, we still multiply the above
values by the ratio ky,,/ki,. In general, the quenching
rate of xenon Xe* and krypton Kr* excited states by
HCI molecule is about 5 x 107! cm?/s. Thus, the data
presented in the tables for the HCI molecule should be
decreased by a factor of 20-30. The dependences of the
efficiencies on the partial concentrations of chlorine-
containing molecules are more flat than the depen-
dences of the radiation power; so in a few cases the
tables show a range of parameters in which the effi-
ciency varies very weakly. As a rule, even in the cases
when the tables show a single value, the efficiency
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Table 2. (a) The optimum values of [HCl], power density P, and emission efficiency 1 of a glow-discharge lamp with a
Kr/HCI binary mixture. In parentheses, we present the parameters corresponding to optimum efficiency. The preionization
rate is 107 s~!. The results presented are obtained under the assumption that reactions (A) have only one (harpooning)
channel and the total rates k, of reactions (A) are equal to the harpooning reaction rates kp,,,. To obtain real values of the
power and emission efficiency, the values represented should be multiplied by the ratio &y, / ko (se€ Section 4 for details)

[HCI], cm™3 P, W/cm? n, %
[Kr] =4 x 107 cm™
r=0.045 cm 2.5%10'° 1.25x 107! 16.8
r=0.45cm 1x10'° (2.5 x 10'%) 9.52x 1072 (5.03 x 1072) 14.9 (15.4)
r=4.5cm 2.5% 1010 6.02 x 1072 15.4
[Kr] =4 x 1018 cm™
r=0.045 cm 1x10"7 4.09 x 107! 4.92
r=0.45cm 5% 10'° (1 x 10'7) 5.80x 107" (2.38 x 1071 4.45 (4.77)
r=45cm 5% 10 (1 x 10'7) 599 x 107! (2.45x 1071 4.46 (4.80)
[Kr] =4 x 10! cm™
r=0.45cm 2% 10" (1 x10'%) 5.44x 107" (4.37x 1071 378 x 107 (4.37 x 107

Table 2. (b) The optimum values of [Cl,], power density P, and emission efficiency n of a glow-discharge lamp with a
K1/Cl, binary mixture. In parentheses, we present the parameters corresponding to optimum efficiency. The preionization

rate is 1073 s

[CL1, cm™ P, W/cm? n, %
[Kr] =4 x 10" cm™
r=0.045 cm 2.5%10'° 6.04 x 1072 22.8
r=0.45cm 1 x10'%(2.5% 109 1.29x 1072 (1.1 x 1072) 21.6 (23.3)
r=45cm 1 x 101 (2.5 x 109 2.03x 1073 (1.73 x 1073) 21.5(23.3)
[Kr] =4 x 108 cm™
r=0.045 cm 1 x 10" 2.07 x 107! 7.09
r=045cm 1x10' (1 x 10'7) 1.13x 1071 (5.55 x 107%) 2.71 (7.53)
r=4.5cm 1x 10" (1 x 10'7) 276 x 107" (5.13 x 1072) 2.82 (7.53)
[Kr] =4 x 10! cm™
r=045cm 1 x 107 (1 x 10'3) 2.81 x 1071 (9.43 x 1072 3.01 x 1071 (6.62 x 1071

weakly varies with a 1.5- to 2-fold variation in the con-
centration of the molecules.

In calculations, the ionization rate equals 107 s7!
with duration about 10 us. The radiation power linearly
increases with the preionization rate.

The variation in the rates of the harpooning reac-
tions and the quenching of the excited states R*. As
was mentioned, the quenching rate kg is assumed to be
equal to zero. If we take into account nearly equal rates
kharp and kg, the optimum with respect to HCl is virtually
unshifted. When &, increases by a factor of 2-3 at k
= 0, the lamp power and efficiency remain virtually
unchanged. In particular, the increase in ky,,, for HCI

from 2 x 1071% to 5 x 10719 cm?/s (reaction no. 12 in

Table 1) leads to a 20% increase in the power and effi-
ciency. This can be expected, since at typical electron
concentrations (10'°-10'! cm™3) the flow of the excited
electron states of rare gases is intercepted by the har-
pooning reactions and the variation in the harpooning
reaction rate leads to a variation in the concentration of
the rare gas excited states rather than the flow.

The optimum concentration of halogen-contain-
ing molecules in the mixture. As was mentioned
in Section 2, the models presented are based on the
models used to describe exciplex lasers and lamps
pumped by the barrier and volume pulsed discharges.
However, when used to describe glow discharge, this
model can produce erroneous data regarding the opti-
mum composition of the mixture. This happens

LASER PHYSICS Vol. 14 No.1 2004
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Table 3. (a) The optimum values of [HCI], power density P, and emission efficiency 1 of a glow-discharge lamp with a Xe/HCI
binary mixture. In parentheses, we present the parameters corresponding to optimum efficiency. The preionization rate is 1073 571,
See heading of Table 2a for comments on real powers and efficiencies

[HCI], cm™ P, W/cm? n, %
[Xe] =4 x 10" cm™
r=0.045cm 5x 105 (1 x 101) 2.41x 107" (1.25x 107 35.1 (40.1)
r=0.45cm 2x 105 x 101 1.18 x 107! 31.0
r=4.5cm 5x 10 1.5x 107! 32.2
[Xe] =4 x 108 cm™
r=0.045 cm 5x10' (2.5 x 100 2.11 (1.87) 16.7 (19.3)
r=045cm 1 x 10 (2.5 x 1019 1.67 (1.61) 17.6 (19.3)
r=45cm 1x10' (2.5 % 10'9) 1.67 (1.60) 17.7 (19.4)
[Xe] =4 x 10" cm™
r=045cm 1 x 10Y7 (4 x 10'7) 8.08x 1071 (5.71x 107" | 6.92x 1071 (9.96 x 1071

Table 3. (b) The optimum values of [Cl,], power density P, and emission efficiency 1 of a glow-discharge lamp with a
Xe/Cl, binary mixture. In parentheses, we present the parameters corresponding to optimum efficiency. The preionization

rate is 107 s

[CL,], cm™ P, W/cm? n, %
[Xe] =4 x 10" cm™
r=0.045 cm 1 x 105 (5 x 101°-5 x 10'%) 2.45%x 107! 424
r=0.45cm 5% 10™ (5 x 1015-1 x 10'5) 1.52x 107! (1.07 x 1071 39.3 (42.6)
r=4.5cm 1 x 105 (5 x 10-5 x 10'%) 2.68x 107! 42.6
[Xe] =4 x 10" cm™
r=0.045 cm 5% 10" (2.5 x 10'0-5 x 10'9) 3.68 (2.62) 27.9 (28.8)
r=0.45cm 1 x 10 (2.5 x 10'°-5 x 10'5) 2.62 29.3
r=45cm 2.5% 101 (2.5 x 10'°-5 x 101%) 474 (2.48) 27.2(29.2)
[Xe] =4 x 10" cm™
r=045cm 1 x 100 (1 x 10'7-2.5 x 10'%) 8.34 (7.21) 1.90 (3.85)

because, in the aforementioned works, the main mech-
anism of the exciplex molecule pumping involves the
ion—ion recombination reactions. In the glow dis-
charge, the harpooning reactions play the key role. To
prove the adequacy of the results obtained, it is needed
to test the model using detailed experimental data.
However, we know of only one experiment of this kind
[39, 40].

At high currents in the glow discharge tubes, the
emission efficiency of the mixtures containing Cl, mol-
ecules is significantly higher than that of the mixtures
containing HCI molecules [39, 43] (note that the best
characteristics of XeCl and KrCl exciplex lasers are
obtained with the HCI molecule [51]). This is a conse-
quence of the fact that the rates of the harpooning reac-
tions with Cl, molecules are substantially higher than
those with HCI molecules [39] (see also the section on
the rates of the harpooning reactions). At low currents

LASER PHYSICS
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of the glow discharge, the emission efficiencies of the
mixtures with these two donors of chlorine molecules
are nearly equal [41, 43]. The aforementioned differ-
ence in the efficiencies cannot be related to the differ-
ence in the reaction rates. Supporting evidence for this
is found in the equality of the emission efficiencies at
low currents. On the other hand, the difference in the
efficiencies at equal rates of the harpooning reactions
can be caused by impurities. However, the effect of
impurities should be independent of the glow discharge
current.

A possible reason for this is the partial dissociation
of the HCI molecule. When the discharge is switched
on, the initial concentration of HCl molecules can differ
from the real concentration of HCIl molecules in the
glow discharge plasma. In the plasma, HCI molecules
dissociate (owing to the harpooning reactions yielding
exciplex molecules) into H and Cl atoms and, at the
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same time, these atoms associate into HCI and CI, mol-
ecules. Thus, a working lamp initially containing only
HCl molecules accumulates Cl, molecules, which
accounts for the equality of the efficiencies. It is still
unclear why this happens only at low currents.

In the case of significant dissociation of the mole-
cules, the real concentrations of HCI and Cl, are always
less than the initial concentrations of these molecules in
the mixture. The rate of the volume association reaction

H(CI) + Cl + Kr —» HCI(CL,) + Kr

is low especially at low pressure of the mixture. It is
possible that HCI and Cl, molecules are formed at the
tube walls, but the rate of this process is unknown.
Thus, we do not know the real degree of dissociation of
HCI and Cl, molecules in the discharge. Therefore, we
cannot directly compare the calculated optimum con-
centrations with the experimental data. Tables 2 and 3
show the concentrations of HCI and Cl, molecules that
must be realized in the discharge (below, we use the
same values). They are always less than the initial con-
centrations.

The results of calculations at high pressures.
Computer codes do not calculate the discharge stability.
Therefore, it is possible that the discharge with a posi-
tive column radius r = 4.5 cm and/or [Xe], [Kr] ~ 4 X
10" cm™ does not exist. Nevertheless, we present the
results of calculations for these values. Note that, in
experiments, it is easier to realize a discharge with a
mixture pressure of about 10 torr, which corresponds to
the lower bound concentration (about 4 X 1017 cm™) of
the [Xe] and [Kr] concentration ranges.

Amplification. The ultimate ionization rate at
which the discharge exists in calculations is about 10 s~'.
At such preionization rates, we do not perform a com-
parison with the experimental data. Taking into account
the above consideration, we admit that such a discharge
might be unrealizable. Nevertheless, the concentrations
of exciplex molecules calculated at this preionization
rate are no greater than 10! cm™ for a discharge pres-
sure of 10 torr. In this case, the amplification of the
active medium is too low to provide continuous gener-
ation of the exciplex molecules. A discussion of the
problems related to the possibility of continuous gener-
ation of exciplex molecules in lamp sources can be
found in [31, 32, 36]. In particular, the analysis of the
glow discharge is presented in [36].

4.1. Kr/HCl and Kr/Cl, Mixtures

Optimum concentration of the mixture. For the
binary mixtures, we perform optimization with respect
to energy and emission efficiency. The concentrations
of HCI corresponding to the optimum power and effi-
ciency differ by a factor of no greater than two. The
optimization employs three values of the tube radius
and three values of the Kr concentration. The highest
energy density of radiation corresponds to a krypton

concentration [Kr] ~ 4 x 10'"® ¢cm™ (Table 2). The
energy density remains virtually unchanged with a fur-
ther increase in the krypton concentration. When the
concentration decreases from 4 x 108 to 4 x 107 cm™,
the energy density decreases by an order of magnitude
and the efficiency increases approximately four times.
For the Cl, molecule, the difference between the opti-
mum concentrations with respect to the power and effi-
ciency and the variations in the optimum values of the
power and efficiency substantially depend on the Kr
concentration (pressure of the mixture) and the radius
of the gas-discharge tube. Table 2 shows HCI and Cl,
concentrations corresponding to the optimum values of
the radiation power; the values in parentheses corre-
spond to the optimum efficiency.

Preionization. The values of the power presented
correspond to a preionization rate of 10~ s~ As was
mentioned, at this level, the power linearly increases
with the preionization rate. Therefore, the most infor-
mative data are those regarding the calculated efficien-
cies. Different preionization levels in different experi-
ments correspond to different current densities in the
discharge tube.

4.2. Xe/HCl and Xe/Cl, Mixtures

Table 3 shows the data for xenon. As in the krypton-
containing mixtures, the highest energy density corre-
sponds to the concentration [Xe] ~ 4 x 10'® cm™. A fur-
ther increase in the xenon concentration also does not
lead to variations in the energy density. When the xenon
concentration decreases from 4 x 108 to 4 x 107 cm™,
the energy decreases by a factor of 10-20 and the effi-
ciency increases by approximately 1.5 times.

5. TERNARY MIXTURES

Adding neon makes it possible to increase the lamp
power. Let us consider this effect through the example
of an Ne/Kr/Cl, ternary mixture using the lamp param-
eters from [64]. For the glow discharge in a 150-cm-
long lamp with a Kr/Cl, binary mixture and a tube radius
of 2.8 cm, the radiation power is 100 W. The correspond-
ing power density is 3.38 x 10 W/cm?. Nearly the same
power density is realized in the calculations at the
preionization rate v = 3 X 1072 s™! corresponding to neon.

5.1. Increase in the Concentration
of Discharge Electrons

The results of calculations show that adding neon to
the Kr/Cl, mixture leads to an increase in the electric
field strength E of the positive column corresponding
to the steady state (Fig. 7b). The value calculated is in
good agreement with the experimentally measured
electric field strength of 17 V/(cm torr). With neon
added to the mixture, the mean energy of discharge
electrons decreases. It may seem that this impedes the

LASER PHYSICS  Vol. 14
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excitation of the lower excited states of krypton in the
reaction

Kr+e — Kr* +e.

In reality, the concentration of these excited states
increases owing to the growth of the concentration of
electrons. The concentration of electrons increases with
the electric field strength in the positive column. This
accelerates the excitation reaction. The concentration
of Kr* increases, and the contribution of the harpoon-
ing reaction to populating the emitting state of the exci-
plex molecule KrCl* grows. The consequences of this
are an increase in the radiation power and a decrease in
the efficiency. The latter is related to the growing con-
tribution of the reactions in which neon atoms quench
the emitting states (Fig. 7a).

The above mechanism corresponds to the case when
neon is added to the mixture at a fixed concentration of
krypton. The power increases with the electric field
strength and, hence, the energy deposited into the dis-
charge. What happens if the energy deposition is fixed?

5.2. Adding Neon at Fixed Energy Deposition

In calculations, the energy deposition varies with
the ionization rate. When the neon concentration
increases, the ionization rate varies in such a way that
the product of the discharge current and the electric
field strength remains unchanged. In calculations, we
do not observe an increase in the radiation power either
in the case of increasing neon concentration at a fixed
krypton concentration or in the case of substituting
neon for krypton at a constant total concentration of the
mixture. Note that, in [64], adding neon at the fixed
energy deposition into the active medium caused an
increase in the lamp power. When small amounts
(about 20% of the total pressure) of helium, neon, or
argon are added to the original Kr/Cl, or Xe/Cl, mix-
ture, the power and efficiency of the glow-discharge
lamps increase. The best and the worst results are
obtained with helium and argon added, respectively.
Adding neon yields an intermediate increase.

6. COMPARISON WITH EXPERIMENTS

A detailed study of XeCl and KrCl excimer lamps
with Xe/Cl, and Kr/Cl, binary mixtures at various pres-
sures and partial compositions of the mixture can be
found in [39]. The tube radius is 1 cm. In experiments,
the optimum ratios [Xe]/[Cl,] and [Kr]/[Cl,] are 50 : 1
and 30 : 1, respectively. These ratios are in agreement
with the results of optimization (Tables 2b and 3b).
However, the experimental curves of the power and
efficiency are more sharp than the calculated ones in the
vicinity of the optimum values.

The calculations employ the same preionization
rate, v = 107 s7!, as the optimization of the mixtures
(Tables 2, 3). The gas temperature of the active medium
is 450 K. As was mentioned, the calculated power var-
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Fig. 7. (a) Power density P (solid line), emission efficiency
1 (dashed line), (b) 2/3u (u is the mean electron energy in
the discharge) (solid line), electric field strength E of the
positive column (dashed-and-dotted line), discharge tube
current / (dotted line), and discharge electron concentra-
tion N, (dashed line) vs. the concentration of neon added

to the Kr/Cl, mixture for [Kr] = 107 cm3, [Cl,] =2 X

100 cm_3, preionization rate v = 3 X 1072 s_l, and dis-
charge diameter d = 56 mm.

ies virtually linearly with the preionization rate. There-
fore, the efficiencies and powers are compared in abso-
lute and relative units, respectively.

Xe/Cl,. For comparison with experimental data, we
perform calculations at the concentration ratio
[Xel/[Cl,] =50 : 1. Figure 8 shows reasonable agree-
ment between the experimental and calculated curves.
The calculated efficiency is approximately 2.5 times
greater than the theoretical one. Note that, in the experi-
ments there was measured the voltage at the discharge
tube rather than the field. For the purposes of compari-
son, we simply divide this voltage by the tube length. In
the presence of a cathode voltage drop (not mentioned in
[39]), the slope of the experimental curve decreases.
This leads to better agreement with the results of calcu-
lations.

Kr/Cl,. For comparison with experimental data, we
perform the calculations at the concentration ratio
[Kr]/[Cl,] = 30 : 1. The agreement between the calcu-
lated and experimental characteristics is worse than in
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Fig. 8. (a) Efficiency, (b) power density, and (c) electric field
strength of the positive column vs. pressure of the mixture:
experimental results for [Xe]/[Cl,] = 40 : 1 (dashed line)

and 50 : 1 (dotted line) and the results of calculations for
[Xe]/[Cl,] =50 : 1 (solid line).

the case of the Xe/Cl, mixture (Fig. 9). The calculated
efficiency is approximately two times greater than the
theoretical one. The calculated dependence of the radi-
ation power on the pressure is similar to that for the
Xe/Cl, mixture. Note that the calculated current for the
Xe/Cl, mixture remains virtually unchanged with a
variation in pressure. For both mixtures, the experimen-
tal data are obtained at a constant current. In the calcu-
lations for the KrCl, mixture, the current monotonically
increases with pressure, so that the slope of the theoret-
ical curve in Fig. 9b must be decreased by approxi-

nexp’ nlh/z’ %

15

10

P, arb. units

(b)
1.0F S N
/I‘ - ~ '~

/

/
0.5F )/

/
/7
7
| | | |
0 5 10 15 20

p, mbar

Fig. 9. (a) Efficiency and (b) power density vs. pressure of
the mixture: experimental results (dotted line) and the
results of calculations (solid line) for [Kr]/[Cl,] =30 : 1.

mately 1.5 times to make the comparison correct. How-
ever, this does not lead to significant changes in the
results obtained.

6. CONCLUSIONS

We perform calculations of the emission character-
istics of the glow-discharge KrCl (222 nm) and XeCl
(308 nm) excimer lamps with binary (Kr and Xe with
HCI and Cl,) and ternary (Ne/Kr/Cl,) mixtures.

To test the model, we compare, for neon, the calcu-
lated and experimental dependences of the characteris-
tic energy and drift velocity of electrons on the ratio
E /N of the electric field strength, corresponding to the
steady-state discharge burning, to the concentration of
the mixture. We demonstrate good agreement between
the experimental and calculated values. The calculated
dependences of the characteristic energy of electrons
on the product pr of the pressure and the discharge
radius coincide with the dependences obtained under
the assumption of a Druyvestein electron velocity dis-
tribution function. The adequacy of the Druyvestein
distribution function follows from the fact that the elec-
tron path in neon weakly depends on the electron
energy.
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The results of calculations show that under the opti-
mum (with respect to efficiency) conditions the exci-
plex molecules are populated mainly owing to the har-
pooning reactions. This was mentioned in [41, 42].

The results of model calculations are compared to
the experimental data from [39]. We obtain good agree-
ment between the calculated and experimental depen-
dences of the power, the emission efficiency, and the
electric field strength of the positive column on the
pressure of the Xe/Cl, mixture. For the Kt/Cl, mixture,
the comparison yields worse agreement. The calculated
optimum concentrations agree with the experimentally
determined concentrations. The calculated power and
emission efficiency weakly vary in the vicinity of the
optimum concentration, whereas in experiments these
quantities exhibit abrupt changes.

We optimize Kr/HCI(Cl,) and Xe/HCI(Cl,) binary
mixtures. For krypton and xenon concentrations rang-
ing from 4 X 10'7 to 4 x 10'® cm™, the optimum (with
respect to the power and emission efficiency) concen-
trations of HCI differ by a factor of no greater than 2
and range from 10'6 to 10! cm™3 for krypton-containing
mixtures and from 2 X 10" to 5 x 10'® cm™3 for xenon-
containing mixtures. The corresponding optimum con-
centration of Cl, molecules can differ by an order of magni-
tude and range from 10'° to 10'7 cm™ for krypton-contain-
ing mixtures and from 5 x 10" to 2.5 x 10'® cm™ for
xenon-containing mixtures. The variation in the total
rate of reactions (A) does not lead to a variation in the
optimum concentrations of the halogen-containing
molecules.

In spite of a significant difference in the physical
nature of HCI and Cl, molecules (different attachment
cross sections, the processes of vibrational excitation,
the dependences of the attachment cross section on the
vibrational level of the molecule, etc.), the optimum
(with respect to the emission efficiency) concentrations
of these molecules are nearly equal.

The calculated emission efficiencies of the mixtures
containing HCI and Cl, molecules could be equal pro-
vided the harpooning reaction rates for the former were
not significantly less than those for the latter. In calcu-
lations, the emission efficiency for the KrCl(B) —
KrCl(X) (222 nm) transition at [Kr] =4 x 107 ¢cm™ can
be as high as 15-20%. For [Xe] = 4 x 107 cm™, the
emission efficiency for the XeCl(B) — XeCL(X)
(308 nm) transition can reach 30—40%, which is close
to the quantum limit of 40%. When the krypton concen-
tration increases from 4 x 10'7 to 4 x 10'® cm™, the effi-
ciency decreases by approximately three times. The
same increase in the xenon concentration leads to a
1.5-fold decrease in the efficiency.

Using the kinetic model for the Ne/Kr/Cl, mixture,
we study the effect of adding neon on the radiation
power and emission efficiency of KrCI* molecules.

The results of calculations show that the radiation
power monotonically (nearly linearly) increases with

LASER PHYSICS  Vol. 14
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the concentration of neon in a wide range of addition-
ally increased neon concentration. This is related to the
increase in the electric field strength of the positive col-
umn. In this case, the emission efficiency decreases,
since the quenching of the emitting molecules increases
with the concentration of neon. When the concentra-
tions of neon and krypton are equal, the power
increases by 40% in comparison with the level charac-
teristic of a neon-free mixture. The calculated radiation
power does not grow when neon is added under fixed
energy deposition.
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